Atlantoaxial instability (AAI) is a common deformity in Down syndrome (DS). Although often inconsequential, AAI can progress to atlantoaxial rotatory subluxation (AARS). In patients with DS, concomitant AAI often necessitate surgical fusion, but successful stabilization in this population can be challenging due to high complication rates. A 14-year-old male with DS presented with a 3-month history of spontaneous AARS. After failed closed reduction, the parents consented to surgical stabilization. Preoperative planning revealed a high-riding vertebral artery and thin C2 lamina; therefore, C1-C4 segmental posterior instrumented fusion was performed, resulting in a successful reduction maintained at 12 months' follow-up. The development of rigid fixation for the treatment of AARS has improved fusion rates in children with DS. However, vascular and osseous anomalies in this population often dictate extension of the fusion constructs beyond C1 and C2. Careful preoperative planning is a prerequisite to safe and solid fixation.
In DS, AAI may be the consequence of os odontoideum, intrinsic ligamentous laxity, and/or ligament damage secondary to chronic inflammation [1] . Although often subclinical, AAI progresses to symptomatic subluxation in 1-2% of individuals with DS [3] . Children with DS are especially predisposed to atlantoaxial rotatory subluxation (AARS) due to the relative ligamentous laxity, inconspicuous facet joints, large heads, and small stabilizing muscles of children [4, 5] . Therefore, patients with DS commonly present with symptomatic subluxation between the ages of 5 and 15 years [2] . Initial treatment is conservative, but surgical stabilization is recommended for refractory subluxation, progressive neurologic deterioration, and/or unstable deformity, as in os odontoideum [1, 5, 6, 7] . Here, we present the case of an adolescent with DS and AARS in which abnormal osseous and vascular anatomy necessitated an extension of the fusion construct caudally to C4.
Case Report
A 14-year-old male with DS presented to our spine service 3 months after awaking with cervical pain. He developed a cock robin posture and was initially treated by a chiropractor without resolution of pain or posturing. Eventually, he was no longer able to complete activities of daily living (ADLs) without pain and sought further medical care.
AARS was diagnosed on imaging ( Figure 1 ), and we admitted the patient for skeletal traction using Gardner-Wells tongs. Closed reduction was attempted over the course of 4 days, but despite partial radiographic improvement, the deformity could not be completely reduced. 
Discussion
The atlantoaxial joint is the site of approximately 60% of the 180° of axial rotation that occurs at the level of the cervical spine [8] . This mobility is possible because of nearly-horizontal facet joints that do little to limit motion [8] .
As a result, stability of the atlantoaxial joint is dependent on osseous stops and ligamentous tethers, namely the anterior arch of atlas, dens, and transverse and alar ligaments [1, 2, 5] . Due to the unique biomechanics of the atlantoaxial joint, subluxation of the facets occurs during normal axial rotation, but this natural subluxation is tightly controlled, with little variance among individuals [7, 8] . In its pathologic counterpart, this tight control is lost, and the atlas and axis interact abnormally during axial rotation [8] . The resulting condition, AARS, typically presents as painful torticollis with the so-called cock robin posture and can progress to myelopathy with paresis, ataxia, and/or urinary retention [5, [7] [8] [9] [10] [11] Progression from instability to subluxation is precipitated by surgery, infection, and trauma but may be idiopathic in up to one-fourth of cases [8] . The most common initial treatment for AARS is a cervical collar in combination with analgesics [7] . The success of these conservative measures and others, such as halter traction and muscle relaxers, is highly dependent on early diagnosis and intervention, and closed reduction is often possible in patients presenting within 1 month of onset [5, 7] . Rotatory subluxations that persist for over 1 month are less amenable to conservative treatment, and those that persist for 2-3 months or longer are considered chronic [6, 7] .
Although current literature supports fusion for chronic AARS, conservative attempts at reduction are still trialed in these patients, and Park et al. achieved a reduction of a chronic AARS using halter traction and a cervical collar [10, 12, 13, 14] . More recently, Ishii et al. treated 12 cases of chronic AARS using remodeling therapy, a closed reduction protocol, without recurrence [6] . It is worth noting that remodeling therapy is contraindicated in DS, and ultimately, surgical fusion is often needed to resolve AARS in these patients due to underlying AAI [5, 6] . Although Au-Yong et al. reported the successful use of halo traction to reduce AARS in a child with DS, Yamazaki et al.
could not achieve closed reduction with a halo vest in an adult with chronic AARS and resorted to open reduction with O-C3 fusion [11, 15] . 
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It is an unfortunate irony that the same factors that predispose DS patients to AAI also produce comparably high rates of nonunion, recurrence, and graft resorption with posterior fusion [1, 2, 16] . The traditional method of posterior wiring with onlay fusion, with complications that commonly include ligation of hypo-or dysplastic C1
arches and graft resorption, is perhaps particularly ill-suited for this population [17, 18] . The introduction of screwbased systems over the past quarter-century has increased fusion rates in children with DS from 40% to 58-95% [1] .
First described by Magerl et al. in 1979 as an adjunct to sublaminar wiring, transarticular screws have been successfully used to reduce syndromic AARS [19, 20] . The Harms and Melcher technique-originally consisting of contoured rods secured between C1 lateral mass screws and C2 pedicle screws and since adapted to incorporate pars or laminar screws in C2-has high fusion rates, avoids postoperative halo fixation, and is safe and suitable for children [1, 17, 14] . Authors have reported the safe placement of C1 lateral mass screws, C2 pars screws, C2 pedicle screws, and C2 laminar screws in children with DS [9, [21] [22] [23] . However, because of their immature and undersized bones, these patients may require extension of the fusion area beyond C1 and C2, and reports of occipitocervical fusion are not uncommon [9, [21] [22] [23] . Vertebral artery anomalies may also necessitate extension of the fusion area [9] . Vertebral artery injury is a serious complication of screw-based fixation, and the anomalous vertebral arteries more common in children with DS are especially susceptible to injury [1, 6, 24, 25] . Deviations from normal anatomy include the persistent intersegmental artery, fenestrated vertebral artery, early posterior inferior cerebellar artery (PICA), and high-riding vertebral artery, which Yeom et al. found at 14.5% of C2 screw insertion sites [24, 25] .
For patients with a high-riding course, transarticular and pedicle screws are not safe options [24, 25] . In the present case, safe placement of interlaminar screws was not possible, and thus, extension of the fusion to C4 was required.
Although Spennato et al. previously reported extension to C3 due to C2 anatomy that prevented interlaminar screw placement, our case is unique in that the anatomy of the vertebral artery prevented C2 pedicle screw placement as well [14] . Interestingly, Hong et al. recently found that vertebral artery and bony anomalies at the craniovertebral junction are relatively concordant, such that anatomy precluding the safe placement of all C2 screws may not be entirely rare [24] .
In summary, we present the case of a DS patient with chronic atlantoaxial rotatory subluxation. This case demonstrates the importance of preoperative planning and imaging to achieve optimal fixation and prevent vascular complications. These complications are more prevalent in patients with DS, but can be minimized with thoughtful planning.
